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Supplementary Materials
A fter Titan, Enceladus has been the most observed satellite by the Cassini spacecraft during its exploration of the Saturnian system. Images of this small moon (252 km radius) revealed a large plume ejected from the south-polar region, with the source being long fractures from which vapor and ice emerge as discrete jets (1) . Concurrent observations of sodium and potassium salts in the plume (2) , and the measured temperatures within the fractures (3), strongly argue for the presence of liquid water in the subsurface source region. The plume exhibits a time variability well correlated to the predicted tidal stresses of the body (4).
The endogenic (nonsolar) power emitted from the south-polar region, derived from Cassini Composite Infrared Spectrometer data, is 15.8 GW, with a 20% formal uncertainty (5) . This is equivalent to an average surface heat flux of~20 mW/m 2 and is an order of magnitude larger than conventional estimates of tidal heating if Enceladus' current orbital eccentricity represents a so-called "equilibrium" resonant state with other satellites (6) . It indicates time-variability in its internal properties (7), in a resonant state with other nearby moons (8) , or in the rate of heat transport. In any or all of these cases, a plausible internal structure is that of a liquid water ocean overlain by a (thermally conductive) crust (5) .
The design of the Cassini spacecraft does not allow radio tracking from Earth during remotesensing observations. Therefore, only 3 of the 19 flybys of Enceladus completed so far have been used for gravity measurements. In these close encounters, the spacecraft was continuously tracked from ground antennas while flying within 100 km of the moon's surface, twice above the southern hemisphere (in the flybys labeled E9 and E19) and once over the northern hemisphere (E12) (9) . We determined Enceladus' quadrupole gravity field and degree-3 zonal harmonic coefficient J 3 from measurements of spacecraft range-rate. With a radius~10 times smaller than that of Titan, and about the same density, the gravitational signature of Enceladus in Doppler measurements is much weaker than that of Saturn's largest moon. However, the small perturbation due to J 3 (about 0.2 to 0.3 mm/s) is still clearly detectable by the Cassini tracking system, whose accuracy is 0.02 to 0.09 mm/s on a time scale of t ≈ 60 s.
Microwave links between the onboard transponder and ground stations of NASA's Deep Space Network enabled precise measurements of the spacecraft range-rate. In addition to gravitational forces, our analysis accounts for the main nongravitational accelerations, most notably neutral particle drag exerted by the substantial gas plume formed by the jets of the south-polar region. Flying by the moon at latitudes below -70°, the spacecraft interacts with the plume at distances of up to 500 km from Enceladus' surface, although most of the effect is localized within 20 s from closest approach. Given the uncertainties in the gas density along the spacecraft flight path, and the short time scale of the interaction, the effect of the drag can be modeled as an unknown, impulsive, vectorial acceleration at closest approach at E9 and E19 (9) . The orbital solutions yielded a velocity variation almost parallel to the spacecraft velocity, as expected for a drag force, of magnitude 0.25 mm/s for E9 and 0.26 mm/s for E19, which are comparable with the J 3 signature. The inclusion of the neutral particle drag in the south-polar flybys is therefore essential for obtaining Doppler residuals free of any signatures, which is essential for a faithful gravity solution.
As in previous Cassini gravity analyses (10, 11) , the solution for Enceladus' gravity field (labeled as SOL1 in Table 1 ) was obtained from a multiplearc analysis in which all data from the three flybys were fitted by using separate initial conditions for the spacecraft state vector at each arc (local parameters). The Enceladus state vector, the five degree-2 harmonic coefficients, and J 3 were considered global parameters common to all arcs. To avoid biased estimates, the a priori uncertainties on the gravity coefficients were at least 30 times larger than were the formal uncertainties obtained from the orbital solution. The nongravitational accelerations due to anisotropic thermal emission from the three radioisotope thermoelectric generators and solar radiation pressure were modeled by using values determined by the spacecraft navigation team from the past 8 years of the Saturn tour. By processing the data into a multiple-arc least-squares filter, we were able to estimate local and global parameters (Table 1) . Furthermore, the solution was proven to be stable with respect to perturbations of the dynamical model, such as the estimation of a full degree-3 field (9).
The ratio J 2 /C 22 differs from the value required for hydrostatic equilibrium (J 2 /C 22 = 10/3), suggesting that the satellite is not in a fully relaxed shape. The equipotential surface of the tidal, rotational, and gravitational potential (the latter limited to 2,0 and 2,2 harmonics) has semiaxis differences of a-c = 6.00 km and b-c = 2.07 km. The tesseral coefficients C 21 , S 21 , and S 22 are null within 3s, indicating that the adopted rotational model (9) is correct and that the orientation of the principal axes is that expected for a tidally locked body with a fully damped pole. The estimated value of J 3 implies a 2.5 mGal, negative gravity anomaly at the south pole (Fig. 1) .
The interpretation of Enceladus gravity presents a greater difficulty and uncertainty than usual, given the strikingly different appearances of the northern and southern hemisphere and the apparent confinement of endogenic activity to the high southern latitudes. Still, the deviation of J 2 /C 22 from 10/3 (the value for a laterally homogeneous body) is modest (of order 5%) and the non-degree-2 gravity is small (of order 2% relative to J 2 ), suggesting that there is some prospect of useful inferences.
The topography of Enceladus (12) is not that of a relaxed hydrostatic body under the action of tides and rotation in a synchronous orbit. Comparisons of the geoid heights with actual topography for the largest harmonics show differences of up to 1.2 km ( Table 2 ). -115.3 T 22.9 J 2 /C 22 3.51 T 0.05 Fig. 1 . Enceladus's gravity disturbances. The gravity field due to C21, S21, S22, and J3 (SOL1) is mapped onto the reference ellipsoid. The negative anomaly at the south pole, representing the asymmetry between the two hemispheres, is~2.5 mGal. (9) . ‡The geoid-to-topography ratio (GTR) for uncompensated topographic relief is 3r c =ð2l þ 1Þ r for degree l, where r c is the crustal density (~0.93 g/cm 3 is assumed) and r is the mean density (1. . Assuming that the hydrostatic contribution to this harmonic is then the remainder, 1507 × 10
, we infer that the most likely moment of inertia (MOI) of Enceladus is 0.336MR 2 , where M is the mass and R is the radius (9). If we choose the value of f 20 = f 22 such that the hydrostatic part of J 2 is exactly 10/3 the hydrostatic part of C 22 , we obtain f ≅ 0.27, implying a depth of compensation of~37 km and a moment of inertia of~0.335MR 2 .
If we instead use an iterative approach to selfconsistently separate the hydrostatic and nonhydrostatic parts of both gravity and topography [(9), section S3.5], we obtain converging estimates of f 20 and f 22 (~0.25) when the moment of inertia is 0.335MR 2 , suggesting a compensation depth of~34 km. The convergent f 20 = f 22 is close to the value predicted on the basis of the observed f 30 , confirming that the assumption of isotropic compensation is reasonable.
When we included elastic flexure as a means of supporting topography in our model, we found that in order to be consistent with the observed gravity-to-topography ratios, the elastic thickness must be less than 0.5 km, a value consistent with other estimates made from flexural analysis (13) and relaxation studies (14) .
Results in this MOI range are compatible with a differentiated structure (15) . For example, a value of 0.335MR 2 can arise from a model with a relatively low core density of~2.4 g/cm 3 and a H 2 O mantle of density of 1 g/cm 3 and thickness of 60 km (9) . The high heat flow and plume activity strongly suggests a differentiated structure, which is compatible with these results.
The data imply a great deal of compensation; if our assumption of Airy isostasy is correct, the inferred compensation depth of 30 to 40 km is most simply explained as the thickness of the ice shell overlying a liquid water layer. The large compensation excludes a very different kind of model, in which the main effect is the tidal and rotational response of a body with a nonradial symmetry of material properties. The tidal and rotational response of a body with a degree-1 variation in properties could introduce topography and gravity at degree 3, an example of mode coupling (16); but if this were responsible for the topographic distortion, then it would predict a much larger gravity distortion than is observed (yielding f~1 instead of the observed much smaller values). For the same reason, a frozen-in tidal and rotational bulge from an earlier epoch (17) will not explain the observed gravity if that bulge has persisted in the ice mantle. A frozen-in deformation of the core (18) could in principle explain the gravity, but the topography would still have to be highly compensated.
The presence of at least a regional south polar subcrustal sea suggests a model in which the mean temperature of the ice beneath the south pole is warmer than elsewhere, perhaps leading to a lower mean density of~1% (corresponding to 100 K temperature excess and a coefficient of thermal expansion of~10
). But to satisfy the observed gravity, it is then necessary to insert a region of higher-density material roughly twice as large as that needed to offset the topographic depression alone and at a depth at least as great as the previous compensation depth estimates. If this material is water and is 8% denser than the surrounding ice, then a layer~10 km thick is required, diminishing in thickness toward the lower southern latitudes. The total hydrostatic pressure at the base of this region would be in balance with the pressure at the same depth, plausibly at or near the base of the ice shell, in adjacent non-south polar regions that lack water, thus reducing the tendency for this layer to spread laterally. A highly concentrated mass anomaly at the south pole would predict J 3 = -J 2,nh . The data ( Table 2) suggest J 3~-0.35J 2,nh , and this could be explained by a mass anomaly that extends from the pole to roughly 50°south latitude (9) . However, the limitations of the data preclude high confidence in this inference.
Although the gravity data cannot rule out a global ocean, a regional sea is consistent with the gravity, topography, and high local heat fluxes (19) and does not suffer from the thermal problems that a global ocean encounters (19, 20) . A global ocean would yield larger and potentially detectable longitudinal librations than are predicted for a solid body (21) . The gravity coefficients and inferred MOI of Enceladus are not consistent with a forced 4:1 secondary libration (17, 22) at the 2s level (9) .
